Surface integrity remains one of the major areas of concern in electric discharge machining (EDM). During the current study, grey-fuzzy logic-based hybrid optimization technique is utilized to determine the optimal settings of EDM process parameters with an aim to improve surface integrity aspects after EDM of AISI P20 tool steel. The experiment is designed using response surface methodology (RSM) considering discharge current (Ip), pulse-on time (T on ), tool-work time (T w ) and tool-lift time (T up ) as process parameters. Various surface integrity characteristics such as white layer thickness (WLT), surface crack density (SCD) and surface roughness (SR) are considered during the current research work. Grey relational analysis (GRA) combined with fuzzy-logic is used to determine grey fuzzy reasoning grade (GFRG). The optimal solution based on this analysis is found to be Ip ¼ 1 A, T on ¼ 10 ms, T w ¼ 0.2 s, and T up ¼ 0.0 s. Analysis of variance (ANOVA) results clearly indicate that T on is the most contributing parameter followed by Ip, for multiple performance characteristics of surface integrity.
Introduction
EDM is one of the widely used non-traditional machining processes, where electrical energy is used to generate electrical spark and material removal occurs primarily due to thermal energy of the spark. EDM is most commonly recommended to cut difficult-tomachine materials including high strength and high temperature resistant alloys [1] .
EDM is usually characterized by multiple performance measures primarily governed by productivity, quality and surface integrity which are in turn dependent on different process parameters like discharge current (Ip), pulse-on time (T on ), pulse-off time (T off ), voltage (V), flushing pressure (F p ), tool-work time (T w ), tool lift time (T up ) etc. Therefore, optimization of EDM process essential requires multi-objective optimization techniques. Significant amount of research work has been reported in this context. Bhattacharyya et al. [2] investigated the influence of EDM parameters like Ip and T on on EDMed surface integrity of AISI D2 tool steel. Response surface methodology (RSM)-based modelling and optimization was carried out to find out the optimal setting of machining parameters.
Similar study on surface integrity of the same material has also been reported recently using RSM combined with grey relational analysis (GRA) as multi-objective optimization technique [3] . Grey system is particularly designed for dealing with uncertain and complex interrelationship between input parameters and output responses. Therefore, GRA-based multi-response optimization techniques have become a topic of research interest in EDM. GRA was also adopted for multi-response optimization of micro EDM process considering tool wear entrance and exit clearances, machining time and number of shorts [4] . The same technique was utilized in optimization of multiple responses during EDM of Ale10%SiC P composites by converting the responses into single response grey relational grade [5] . Simultaneous increase in MRR as well as reduction in TWR could be achieved through successful implementation of GRA technique in EDM of AISI P20 tool steel [6] .
The analysis based on fuzzy-logic finds applications in vague and uncertain environment. In the recent years, fuzzy-logic-based multi-criteria decision making approaches have become very popular in optimization of EDM and other manufacturing processes. Rupajati et al. [7] has optimized the multiple performances like recast layer thickness and surface roughness using fuzzy-logic method with the design of Taguchi L 18 mixed-orthogonal array. It was observed that application of this optimization technique significantly improved multiple responses. The same technique was also used to predict material removal rate (MRR), tool wear rate (TWR) and surface roughness (SR) in ultrasonic-assisted EDM (US/ EDM) process [8] . Different other manufacturing processes were also optimized using similar type of optimization technique [9e11].
Utility of fuzzy-logic based optimization technique can be further improved when it is integrated with other optimization methodologies. Sengottuvel et al. utilized fuzzy-logic to predict output responses (MRR, TWR and SR) while desirability approach was used to optimize the parameters during EDM of Inconel 718 [12] . Fuzzy-TOPSIS based multi-objective optimization was performed with a view to improve of EDM surface integrity as well as dimensional accuracy of AISI P20 tool steel [13] .
GRA also has strong potential to further enhance the capability of fuzzy-logic in multi-objective optimization problems. Here, the optimization of complex multiple response characteristics can be effectively transformed into optimization of single grey fuzzy reasoning grade (GFRG). Lin and Lin [14] carried out optimization of EDM process of SKD11 alloy steel with multiple process responses using grey-fuzzy-logic method. Soepangkat and Pramujati applied integrated approach comprising of GRA and fuzzy-logic in order to optimize wire EDM of AISI D2 steel for minimizing surface roughness and recast layer thickness [15] . Similar optimization techniques have been successfully utilized in various manufacturing processes which are particularly carried out under complex and uncertain environment [16e20].
Although some research work has been carried out to examine the influence of EDM parameters on quality and productivity aspects, it is also very essential to determine optimal parametric combination in order to obtain improved EDMed surface integrity. Moreover, surface integrity characteristics of AISI P20 tool steel is also rare although the same material is widely used in the manufacturing of plastic moulds, hydro forming tools and many other applications. Therefore, present work aims at utilizing greyfuzzy logic-based hybrid optimization technique to optimize different surface integrity characteristics such as WLT, SCD, SR during machining AISI P20 tool steel using EDM.
Experimental details

Materials and methods
The experimental runs were conducted on Electronica Electraplus PS 50ZNC Die Sinking Machine. Commercial grade EDM oil (specific gravity ¼ 0.763, false point ¼ 94 C) was used as dielectric fluid. The machining parameters and their levels are presented in Table 1 . The work piece material was AISI P20 tool steel with semicircular shape (100 mm diameter and 10 mm thickness). The composition of AISI P20 tool steel includes 0.4% C, 1% Mn, 0.4% Si, 1.2% Cr, 0.35% Mo, 0.25% Cu, 0.03% P 0.03% S and rest Fe. A cylindrical shaped commercially pure copper with a diameter of 12 mm was used as a tool. The workpiece (þve polarity) and the tool (Àve polarity) are shown in Fig. 1. 
Design of experiment using RSM
Response surface methodology (RSM) is a collection of mathematical and statistical techniques that are useful for modelling and analysis of problems in which output or response is influenced by several variables and the goal is to find the correlation between the response and the variables [21] . The RSM using central composite design with four variables (Ip, T on , T w and T up ) yield a total of 30 runs in three blocks, where the cardinal points used are sixteen cube points, eight axial points and six center points. The machining parameters and their levels are presented in Table 1 . A second-order model is given in Eq. (1).
where y ¼ corresponding response, x i ¼ input variables and x ij 2 and
x i $x j are the squares and interaction terms respectively, of these input variables. The unknown regression coefficients are b 0 , b i and b ij and 3 ¼ random error term.
Detailed observation for the entire sets of experiment is provided in Table 2 . For each combination of experimental runs, corresponding responses such as WLT, SCD and SR were calculated.
Measurement of responses
During the current study, EDMed surface integrity was characterized by SR, WLT and SCD. After machining, each specimen was sectioned vertically. This was followed by polishing of the specimens with different grades of polishing papers with deceasing grit size. The polished surface was then etched with Nital solution to reveal micro-structure along with recast layer or white layer. Images were then captured on five different locations of each specimen using optical microscope (with model: SCD313 BPD and make: Radical Instrument) with a magnification of 400Â. The measurement of WLT was carried out with an optical microscope with 400Â magnification. Recast area was measured using software (PDF X-change viewer) and then the area was divided by total length of optical microscopic images, to get the average height of recast layer (i.e. WLT). In order to measure SCD, the top surface morphology of the EDMed surface was studied using scanning electron microscopy (SEM) with a magnification of 1000Â. Randomly, five sample areas were selected on each specimen and the length of the cracks was measured using the same software. The average crack length on each specimen was divided by area of each micrograph (10649.072 mm 2 ) to measure the SCD. The similar measurement of SCD has been reported elsewhere [22] . EDMed Surface roughness (Ra) was measured using surface roughness tester (Make: Taylor Hobson, Model: Talysurf, Surtronic 3þ).
Methodology
Grey relation analysis
Grey relational analysis (GRA) is an effective method in which analysis being done among the sequence groups requires that all sequences satisfy comparability conditions, for instance, non- dimension, scaling, and polarization attributes [23] . First step in GRA is to normalize all the experimental data in the range of zero to one. Such normalization is necessary because the range and the unit in one response may vary from the others. If the response is of 'higher-the-better' characteristics, equation for normalizing is as follows:
If 'lower-the-better' criterion is to be followed, then the following equation is to be utilized for normalizing the corresponding data:
where x i * (k) and x i (k) are the normalized data and observed data respectively for ith experiment using kth response. After normalizing the responses, the next step is to calculate the grey relation coefficient (GRC). GRC is denoted by for kth response. It can be calculated by using Eq. (4).
where 
Grey-fuzzy logic
In GRA, each response is categorized as either 'lower-the-better' or 'higher-the-better' or 'nominal-the-better' quality characteristics and the analysed results show some level of uncertainty. This uncertainty can be effectively examined by using fuzzy-logic approach [18] . Thus complicated multi-objective optimization problem can be solved by integrating GRA and fuzzy-logic techniques.
Fuzzy-logic system (Mamdani system) includes of a fuzzifier, membership functions, fuzzy rule base, inference engine and defuzzifier [24] . In this analysis, the fuzzifier uses membership functions to fuzzify the GRC, as it comprises some degree of uncertainty and vagueness with respect to performances characteristic. The inference engine performs fuzzy reasoning on fuzzy rules to generate a fuzzy value. Finally, the defuzzifier converts fuzzy predicted value into a single equivalent multi performance characteristics index.
Steps for grey-fuzzy-logic method
The steps of grey-fuzzy-logic method are illustrated in Fig. 2 and described as follows:
1. The experimental values of WLT, SCD and SR are normalized in the range of 0e1. 2. Grey relational coefficient (GRC) of each response is calculated. 3. Then fuzzy-logic system is applied. The fuzzifier uses the membership functions to fuzzify GRC of each performance characteristic. 4. Fuzzy rules (if-then control rules) are generated and finally defuzzifier converts fuzzy predicted value into a GFRG. 5. Optimal setting of machining parameters with the help of main effect plots for GFRG is finally evaluated.
Results and discussion
In this section, pre-processed data of WLT, SCD and SR along with the optical microscopic and SEM images depicting the formation of recast layer (white layer) and surface crack are presented. The experimental results are provided in Table 2 . The representative SEM images of crack formation of machine surface and optical microscopic images of white layer obtained under different machining condition are shown in Figs. 3 and 4 respectively. The experimental data are utilized for determination of GRC and then GFRG followed by analyses of variance (ANOVA) for GFRG. Conformation test is also carried out with the optimal parametric combination.
Calculating the grey relation coefficients
For all the surface integrity characteristics i.e. WLT, SCD and SR, 'lower-the-better' criterion is chosen. Therefore, the output values that are listed in Table 2 have been normalized by using Eq. (3). GRCs for each response have been calculated using Eq. (4). Table 3 shows the normalized data and grey relational coefficients for corresponding to each experiment runs. However, in order to obtain an improved quality in the performances and to decrease the uncertainty in the data, grey-fuzzy logic method is further used for computing the GFRG.
Grey-fuzzy reasoning analysis
In this paper, three inputs and one output fuzzy-logic system are used. The inference engine (Mamdani fuzzy inference system) performs fuzzy reasoning with fuzzy rules to generate a fuzzy value. These fuzzy rules are presented in the form of 'if-then' control rule. For each rule, the three inputs are assigned in the fuzzy Table 3 Computing GRC and grey fuzzy reasoning grade (GFRG). Fuzzy rules are directly derived based on the fact that 'largerthe-better' characteristic. The rule based fuzzy-logic reasoning procedure is shown in Fig. 6 . By tracking maximumeminimum compositional operation, the fuzzy reasoning of these rules yields a fuzzy output. Finally, the defuzzifier converts fuzzy predicted value into a GFRG by using MATLAB tool box [20] . This GFRG values are provided in Table 3 .
The higher value of GFRG means comparability sequence has a stronger correlation to the reference sequence. Based on Table 4 and Fig. 7 , the optimal setting of the EDM process parameters is found to correspond to experimental run no. 10 i.e. with discharge current at level one (1 A), pulse on time at level one (10 ms), tool work time at level one (0.2 s), and tool lift time also at level one (0.0 s). This has been indicated in bold font in Table 2 . The difference between maximum and minimum value of GFRG of EDM parameters is also calculated and provided in Table 4 .
The response equation of GFRG is shown in Eq. (5). The most influencing factor for multi-performance is the maximum of this value (i.e. rank 1) which is the pulse on time (T on ). The same information can also be obtained from Fig. 7 by finding out the response graph with the steepest slope. The rank versus GFRG plot (paerto graph) is shown in Fig. 8 which indicates the ranking of the experimental run with multi-performance characteristics. 
The results of analysis of variance (ANOVA) of GFRG are shown in Table 5 . This examination is done at a significance confidence level of 95%. Fisher's F-test is further applied to find out the EDM parameters with prominent effect on multiple performance characteristics of surface integrity. Similar information is also provided by % contribution which is indicated in the last column in same table. In this table insignificant terms obtained from the P values have been eliminated and the remaining terms are provided.
This table represents that Ip is the most significant factor followed by T on .
The obtained results are verified by the confirmatory experiment. Table 6 shows confirmation results of surface integrity aspects corresponding to initial and optimal machining conditions. It is evident that machining with the optimal parametric combination would minimize WLT form 12.452 to 6.954 mm, SCD from 0.0210 to 0.0202 mm/mm 2 and decrease SR from 4.8600 to 2.06 mm. The estimated or predicted GFRG ( b Y ) at the optimum level of the machining parameters can be calculated by Eq. (6) .
where Y m is the mean of GFRGs for all experimental runs and Y i is the mean of GFRG at the optimum level of ith parameter, and q is the number of machining parameters that significantly affect GFRG. Table 6 also indicates that the machining with optimal setting would result in an improvement of GFRG of 0.2119 and 0.2341 for experimental and predicted values respectively. Therefore, the current study clearly demonstrates that grey-fuzzy-logic method combined with RSM-based design of experiment is a useful technique with smaller number of experimental trials and for ease in optimizing multi-performance characteristics of EDMed surface integrity. Fig. 8 . GFRG for multi-performance.
Conclusions
The current research work utilizes hybrid optimization technique using GRA and fuzzy-logic method for simultaneously optimizing multiple performance characteristics of surface integrity (WLT, SCD and SR) in EDM. Based on the above experimental investigation as well as analysis, the following conclusions are presented:
1) The optimal EDM parametric combination of Ip ¼ 1 A, T on ¼ 10 ms, T w ¼ 0.2 s and T up ¼ 0.0 s has been determined using grey-fuzzy logic with an aim to achieve minimum EDMed surface integrity of AISI P20 tool steel. 2) ANOVA results demonstrated that the pulse-on time is the most significant parameter followed by discharge current, whereas tool work time and tool lift time do not significantly affect the multi-performance characteristics of surface integrity. 3) Comparison of machining performance obtained under initial and optimal condition of machining indicated an improvement of GFRG of 0.2119 and 0.2341 for experimental and predicted values respectively. 4) The hybrid technique of grey-fuzzy logic method combined with RSM-based experimental design has a good potential to do away with the arduous task of multiple criteria optimization by converting the data into a single GFRG and hence can be effectively used in optimising the process parameters in EDM in order to achieve minimum aspects of surface integrity. 
